Magma chambers, particularly those of basaltic composition, are often replenished by an influx of magma whose density is less than that of the resident magma. This paper describes the fundamental fluid mechanics involved in the replenishment by light inputs. If p denotes the uniform density of the resident magma and p-Ap that of the input, the situation is described by the reduced gravity g'= •lAp/p, the volume flux Q, and the viscosities of the resident and input magmas v e and vi, respectively. The (nondimensional) Reynolds numbers, Re e = (•]'Q3)1/5/¾ e and Rei = (•'Q3)X/5/h and chamber geometry then completely specify the system. For sufficiently low values of the two Reynolds numbers (each less than approximately 10), the input rises as a laminar conduit. For larger values of the Reynolds numbers, the conduit may break down and exhibit either a varicose or a meander instability and entrain some resident magma. At still larger Reynolds numbers, the flow will become quite unsteady and finally turbulent. The values of the Reynolds numbers at which these transitions occur have been documented by a series of experiments with water, glycerine, and corn syrup. If the input rises as a turbulent plume, significant entrainment of the resiCent magma can take place. The final spatial distribution of the mixed magma depends on the geometry of the chamber. If the chamber is much wider than it is high, the mixed magma forms a compositionally stratified region between the roof and a sharp front above uncontaminated magma. In the other geometrical extreme, the input magma is mixed with almost all of the resident magma. If the density of the resident magma is already stratified, the input plume may penetrate only part way into the chamber, even though its initial density is less than that of the lowest density resident magma. The plume will then intrude horizontally and form a hybrid layer at an intermediate depth. This provides a mechanism for preventing even primitive basaltic magmas of minimum density from erupting at the surface. By conducting an experiment using aqueous solutions, we show that entrainment can lead to crystallization of the magma in the input plume by making it locally supersaturated. All these effects are discussed and illustrated by photographs of laboratory experiments.
INTRODUCTION
The last few years have seen considerable progress in the understanding of the fluid dynamical evolution of replenished magma chambers. All but two of the investigations (as reviewed by Huppert and Sparks [1984] and Sparks et al. [1984] ) considered the chamber to be replenished by magma whose density exceeded that of the resident magma. The new magma thus ponded at the base of the chamber. The only investigations that considered the incoming magma to be less dense than the resident magma were those by Sparks et al. [1980] and by Campbell et al. [1983] . The former pointed to the possibility that the new magma would rise as a turbulent plume through the resident magma and entrain part of it, while the latter used this concept to provide an explanation for the formation of platinium-sulphide ore deposits in the Bushveld and Stillwater complexes. The aim of this paper is to explore the fundamental fluid mechanics of this situation more completely. We investigate the influence of the chamber geometry, stratification within the chamber, and crystallization, on the fluid dynamical behavior of relatively light inputs. We also explore the form of motion for Reynolds numbers in the transitional range between laminar and turbulent values. In particular, we describe the fluid mechanical effects and flow regimes due to the input and resident magmas having different viscosities.
If the new magma is ejected from a relatively small vent (very much less in diameter than the height of the chamber), it can be considered to issue from a point source just below the Copyright 1986 by the American Geophysical Union.
Paper number 4B5408. 0148-0227/86/004B-5408 $05.00 vent opening. Suppose that the density of the resident magma is p and that of the input magma is p-Ap (where Ap is positive), then the fluid system is described by four parameters: the volume flow rate, Q; the reduced gravity, g' = gAp/p, where g is the acceleration due to gravity; the kinematic viscosity of the input magma, vi; and that of the existing resident magma, re. From these four parameters it is possible to form only two independent, dimensionless parameters. For convenience, we choose two which we associate with the internal and external Reynolds numbers Rei = (•f Q3/viS)l/5 (la)
Re e --(•]'Q3/veS)l/5 (lb)
(Some of the reasoning behind this choice is given in the appendix.) As will be discussed below, the geologically relevant range is given by 0 < Re i < 10 '• (2a) 0 < Re e < 10 '• (2b)
In this paper we map out the fundamental fluid mechanical phenomena as a function of these two Reynolds numbers and the chamber geometry. The motions when both Re• and Ree are sufficiently large that viscous effects can be neglected are the subject of the next section. We first briefly describe the motion when the new magma rises as a turbulent plume unaffected by the walls of the chamber. We then discuss phenomena due to the containing walls and, in particular, point out ihe different effects in wide, short chambers and narrow, tall ones. The influences of vertical stratification in the resident magma are then discussed, and the differences due to the stratification varying continuously or in layers is brought out. The section ends with an investigation of effects due to the formation of crystals in the rising plume; these crystals result from supersaturation induced by mixing with the resident magma.
The forms of motion and the amount of mixing for smaller Reynolds numbers, when viscous effects are important, are the laboratory simulation is shown in Figure 1 . For details of the velocity and density distribution within the plume and its rate of rise, the reader is referred to Turner [1979] or Turner and Gustarson [1978] . Because the molecular effects of viscosity and diffusion play no role in this case, two important statements can be made. First, laboratory data can be easily scaled to yield results appropriate to large-scale geological situations, and second, the buoyancy is proportional to the total density difference, whether it be due to temperature, composition, or both.
Issuance Into a Chamber of Low Aspect Ratio
If the chamber is very much wider than it is high, as exemplified by a sill, the new magma takes the form of a turbulent plume, as already described, until it reaches the roof. It then spreads as a mainly laminar layer on top of the resident magma. Subsequent magma in the plume passes through this laminar layer, entrains part of it, and arrives at the roof even lighter. In this way the input magma, contaminated by resident magma, builds up a stratified region of mixed magma at the roof behind a sharp front. A laboratory simulation is presented in Figure 2 . A relationship for the rate of descent of the front was first determined by Baines and Turner [1969] . The region behind the front will be stratified, with a gradient which can be evaluated from the results of Worster and Huppert [1983] . An example of the stratification is presented in Figure 3. 
Issuance Into a Chamber of Large Aspect Ratio
If the chamber is very much higher than it is wide, well before the plume can rise to the top it will have expanded sufficiently for the containing walls to have a very strong influence. Our laboratory simulations indicate that the input magma is mixed almost uniformly into the resident magma with, at best, a very weak interface close to the vent. 
Effects of Preexisting Stratification
Prior to the input, the resident magma might be vertically stratified, either continuously or in the form of layers. The major effect of the density of the resident magma decreasing with height is that the plume, which entrains relatively heavy magma from the base of the chamber, may come to a height where its density equals that of the resident magma. Inertia may take it somewhat higher, but it will then sink back and intrude sideways into the magma chamber, as seen in the photograph of the laboratory experiment shown in Figure 5 . If the resident magma is continuously stratified, this could occur at any height, dependent only on the input conditions. If the resident magma is stratified in (uniform) layers, the intrusion can only occur at an interface between two layers. Note possibly the most important feature of the intrusion: due to the entrainment of relatively heavy magma into the plume, the density at the level of the intrusion can be significantly greater than the original input density. We quantify this effect and present numerical examples below.
With a stratification for which the vertical density gradient is constant, and denoted by •b, there are two fundamental parameters which describe the fluid system. These are the spe- quite similar. Thus, in the above examples, if the chamber consists of two layers of equal depths, with the lower one of uniform density 2700 kg m-3, the plume will rise to a level Z of 500 m as long as the density of the upper layer is less than 2696 kg m-3. Otherwise the plume will rise to the roof.
Precipitation Within the Plume
To investigate effects due to the entrained magma supersaturating the input magma, we carried out the following experiment. An aqueous solution of KNO3 at 60øC with specific gravity 1.280 was input at a rate of 3 x 10 -6 m 3 s -x to the base of a container which was filled to a depth of 83 mm with an aqueous solution of K2CO 3 at 5.5øC with specific gravity 1.329. The solubility of KNO3 is strongly decreased both by the presence of r2co 3 [Mellor, 1965; Huppert and Turner, 1981] and by a decrease in temperature [Washburn, 1929] As the Reynolds numbers increased, the flow in the conduit could become unstable. Only two forms of instability were observed. There was either a varicose instability, where the radius of the conduit varies in an axisymmetric fashion with height, as shown in Figure 9 , or there was a meander instability, where the axis of the conduit varied with height, as shown in Figure 10 . As indicated in Figure 7 , the former instability occurred for lower values of Re e.
As the Reynolds numbers increased yet further, the perturbation of the flow increased and it was best described as unsteady ( Figure 11 ). With further increase in Reynolds numbers, the flow seemed to be fully turbulent (Figure 12 ). As in section 3.1, the flow could take the form of a laminar conduit, be unstable to a varicose or meander mode, or be unsteady or turbulent. As before, the dividing lines between the various regimes should be regarded as approximate. What seems reasonable, however, is that the dividing lines between the laminar, meander, unsteady, and turbulent regimes should become vertical as Ree increases, reflecting the fact that in that limit the external fluid plays no role other than to contribute to the buoyancy. The exact form of the motion 'as displayed in Figure 7 should be applied to geological situations with some caution. J. Lister (Cambridge University, unpublished data, 1984) has just completed a calculation of the instability of a rising twodimensional line plume, which indicates that even at low Reynolds numbers the flow may be weakly unstable. Although such an instability was not directly observed in the experiments for low Reynolds numbers, it may be that the instability occurs with a very slow spatial growth rate, which would only be visible after the plume had risen through a considerable height. Thereafter the appropriate Reynolds numbers of the plume would increase with height.
We also note that in all the experiments the resident fluid was static. In a magma chamber the resident fluid is likely to be convecting, and these motions might be strong enough in some situations to disrupt a low Reynolds number laminar plume and to cause mixing of the two fluids. 
GEOLOGICAL IMPLICATIONS
The most important situation in which light inputs can occur is within basaltic magma chambers. They arise because primitive basaltic magmas can often be lower in density than Light inputs could also occur in other kinds of magmatic systems. If the pressure is low and the water content of the input magma is sufficiently high, a basaltic magma can become lower in density (due to volatile exsolution) than intermediate or even silicic magma [Eichelberger, 1980; Huppert et al., 1982] . Replenishment in such systems could involve large viscosity ratios and hence large differences in external and internal Reynolds number (Rei >> Ree). Another possibility is if the replenishing magma is rhyolite entering a basaltic chamber, although this situation is not one which is widely invoked. Again, a large difference in Reynolds numbers (Ree >> Rei) can occur in such a situation.
We conclude that light inputs are likely to be a widespread phenomenon in magma chambers, especially in those of basaltic composition. This paper provides a general framework of the physical controls in open-system magmatic systems in which light inputs occur. We anticipate that future work will involve detailed assessment of the petrological and geochemical consequences of the various physical processes we have described and application to a wide variety of geological situations.
APPENDIX
From the four dimensional parameters Q, g', re, and vi describing the input, only two independent, nondimensional parameters can be formed. We have chosen the two expressed in ( 
